INTRODUCTION
The rheological properties of portland cement paste greatly affect the behavior of fresh concrete. A fundamental understanding of the rheology of cement paste is essential to understand the rheology of fresh concrete. The flow of concrete is very sensitive to the flow characteristics and volume fraction of cement paste. For a rheological test to adequately simulate the rheological behavior of cement paste inside fresh concrete, the test must replicate the flow of cement paste through the coarse and fine aggregate media. This flow pattern is obviously a very complicated phenomenon. Due to such complications, there is still a common belief that it is not easy to establish an accurate connection between the rheology of cement paste and that of concrete. 1 If various geometric flow paths with different friction characteristics of shearing walls are used to measure the rheological properties of cement paste, however, a better understanding of the sensitivity of the rheological properties of cement paste to variations in the flow path could be developed. Variation in the gap size of the flow path (sample thickness) of cement paste in the rheological test is also a significant factor that should be considered in the simulation of the flow of cement paste in actual fresh concrete.
Most research on the rheology of cement paste in the open literature was conducted using concentric/coaxial cylinders viscometers. For instance, coaxial cylinders viscometers were used to develop rheological models for cement paste, [2] [3] [4] to study its flow characteristics, [5] [6] [7] [8] [9] and to investigate its thixotropic characteristics. 10 Serrated parallel plates were also used to study the rheological properties of cement paste and the effect of mineral admixtures. 11, 12 To investigate the oscillatory rheological behavior of cement paste, both coaxial cylinders and a vane rotor were used. 13 Efforts were also made to simulate the spacing of aggregates in concrete by varying the gap of parallel plates, that is, the thickness of the cement paste sample. 14 There is a lack of information in the literature, however, regarding the effect of varying the flow geometry and gap (sample thickness) on the rheological properties of cement paste incorporating various mineral additions and chemical admixtures. In the present study, four types of test geometries were used to study the rheology of various cement pastes. The objective is to investigate the rheological properties of ordinary portland cement (OPC) paste, OPC paste with mineral additions, high-range water-reducing admixtures (HRWRAs), rheology-modifying agents (RMA), and airentraining admixtures (AEA) using various test geometries with different gaps and friction conditions. Different gaps, friction conditions, and flow geometries in the rheometer should be able to better clarify the effect of such parameters on the actual flow of cement paste in fresh concrete. The experimental data thus developed can also help develop new models for the rheology of cement paste and fresh concrete that account for such parameters.
RESEARCH SIGNIFICANCE
It is often difficult to reconcile conflicting results published in the open literature on the rheology of cement pastes. This work shows that even the same operator, under controlled and consistent laboratory conditions and for the same cement paste, can obtain substantially different values of yield stress and plastic viscosity when different test geometries having various levels of friction of shearing walls and thickness of sample (gap) are used in the rheological test. This is further Title no. 100-M40
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by Mohammad Ataur Rahman and Moncef Nehdi complicated by the fact that the sensitivity of the rheological properties of cement paste to such parameters also depends on the water-binder ratio (w/b), the type of mineral admixture used, the presence of HRWRAs, AEA, and RMA. The results of this study highlight the effects of the flow path, friction of shearing walls, and sample thickness on the rheological properties of a wide range of cement pastes. The findings should provide a fundamental advance in the understanding of how results of rheological tests on cement pastes should be critically analyzed and interpreted.
BACKGROUND
Concrete can be considered as a concentrated suspension of aggregates in a cement paste medium, whereas cement paste itself is a concentrated suspension of cement grains in water. Traditionally, the rheology of fresh concrete has been characterized using empirical tests such as the slump test. With advancements in concrete technology, however, various chemical and mineral admixtures are being used and a more fundamental understanding of the rheology of fresh concrete is needed. Very complex factors including particle shape, size, and concentration, shear rate, hydrodynamic interaction, interparticle contact, liquid viscosity, temperature, flocculation, and particle sedimentation are parameters that affect the rheology of a cement particulate suspension. 15 To characterize the rheology of cement paste, rheological parameters such as yield stress, shear thinning, or shear thickening behavior and apparent viscosity need to be described. Yield stress is a very common parameter in rheology. It represents the shear stress above which the material starts to flow. Below the yield stress, a material behaves like a solid. The apparent viscosity is the slope of the straight line connecting the origin and any point on the flow curve (shear stress versus shear rate). If the points on the flow curve are fitted to a straight line, the slope of the straight line represents the plastic viscosity. For a nonlinear flow curve, shear-thinning or shear-thickening behavior may be observed. When the slope of the shear stress versus shear rate curve increases with shear rate, the behavior is called shear-thickening. The opposite phenomenon is called shear-thinning.
Substantial efforts were made by various researchers to model the rheology of cement paste. The simplest model is Newton's model (Eq. (1)), which does not represent the yield stress. Therefore, a better approximation-the Bingham model (Eq. (2))-was used to describe the rheology of cement paste.
shear stress = viscosity × shear rate (1) shear stress = yield stress +
(plastic viscosity × shear rate)
Detailed information on modeling the rheology of cement paste can be found in References 2 to 4. In this work, the Bingham model was used for calculating the yield stress and plastic viscosity. In the remainder of this text, plastic viscosity is called viscosity. Viscosity at a particular shear rate is termed apparent viscosity.
APPARATUS
To measure the rheological properties of cement paste, flow tests were performed with an advanced rheometer (Fig. 1) . The rheometer is capable of continuous shear rate sweep, stress sweep, and strain sweep. The capabilities of the device regarding shear rate, shear stress, torque, and angular velocity sweep are 0 to 435 s -1 , 0 to 3618 Pa, 0 to 2 × 10 5 µN, and 0 to 300 rad/s, respectively. The device keeps the temperature constant during the entire time span of the rheological test through a water circulation system around the sample container. To calibrate the apparatus, a certified standard Newtonian oil (PTB 1000A) with nominal viscosity = 1 Pa.s and yield stress = 0 at 20 °C was used. A standard cone geometry (diameter = 60 mm, angle = 2 degrees) was employed for the test as per the manufacturer's recommendation. The results of the calibration test were: viscosity = 1.009 Pa.s and yield stress = 0. Thus, this was considered acceptable (the manufacturer recommends 4% tolerance). To ensure that the rheometer provided reproducible results, a cement paste made with pure OPC having a water-cement ratio (w/c) of 0.40 was tested four times. The average yield stress was 12.3275 Pa with a standard deviation of 0.1253 Pa. The viscosity was 1.2725 Pa.s with a standard deviation of 0.0171 Pa.s. The reproducibility of the rheometer's test results was therefore considered satisfactory.
Flow geometries
In this study, parallel plates (smooth and serrated), coaxial cylinders, and a vane rotor were used to characterize the rheology of cement paste. For the parallel plate geometry, the upper movable parallel plate was a 40 mm-diameter steel plate. The lower fixed base plate was a smooth plate. The cement paste sample was put in between the upper rotable plate and the lower fixed base plate. The distance between the two plates (sample thickness) was adjustable. Three gap thicknesses, namely 0.5, 0.7, and 1 mm, were used in this investigation. 
Fig. 1-Illustration of rheometer used (shown with coaxial cylinders).
The radius of the inner solid smooth cylinder and vane rotor is 14 mm. These smooth inner solid cylinder and vane rotate inside a fixed hollow 15 mm-diameter cylinder. The gap between the inner and outer cylinder, and outer cylinder and vane is 1 mm. The cylinder and vane are made of aluminum and steel, respectively. The movable test accessories were attached to the driving motor spindle of the rheometer.
Models used for different test geometries
The rheometer used is computer-controlled. The shear rate-shear stress data obtained using various test geometries are based on models built in the control software as described as follows. A more detailed discussion of models used to describe flow measurements using various test geometries is available elsewhere. [16] [17] Parallel plates-
where C 1 = R/D and C 2 = 2/πR 3 ; R = radius of movable parallel plate; D = gap between fixed and movable plate; T = torque measured by the instrument; and W = angular velocity. The formulae are valid both for smooth and serrated plates.
Concentric cylinders-Equation (3) and (4) are also valid for coaxial cylinders except that some parameters are defined differently as follows: Here, and ; H = full height of cylinder submerged into the paste; R 1 = radius of inner movable smooth solid cylinder; and R 2 = radius of outer fixed hollow cylinder.
Vane rotor-A four-bladed vane was used instead of a solid smooth cylinder. The rest of the arrangements were similar to the concentric cylinder's geometry. The equations for shear rate and shear stress are those used for concentric cylinders. The only difference is that R 1 represents the radius of the vane rotor.
EXPERIMENTAL PROGRAM Mixing and preparing cement paste
A variable-speed high-shear mixer with a vertical shaft and blades at two vertical levels was used. Cement paste was made with distilled water having a constant temperature of 19 ± 0.5 °C. Mineral admixtures were first mixed by hand with OPC. The mixing water was poured into the mixer. Subsequently, cement (or the dry mixture of cement and mineral admixtures) was gently added into the mixer over 1 min of mixing at low speed. The mixing was continued for another minute at high speed. Then the mixer was stopped for 1.5 min. During this time, the sidewall of the mixing container was scrapped with a rubber spatula to recover the material sticking to the container's wall. Mixing resumed for an additional minute at high speed. The cement paste was then kept at rest for 30 s. The sample of cement paste was subsequently poured into the rheometer.
Preshearing and flow test
The cement paste sample was presheared for 2 min by applying a shear rate sweep from 0 to 70 s -1 . Then the sample was sheared from 0 to 50 s -1 within 1 min and 30 s to produce the up-curve of the flow test. After providing an equilibrium time of 15 s, the cement paste sample was sheared from 50 to 0 s -1 within 1 min and 30 s to produce the
down-curve of the flow test. The preshearing action was intended to cause structural breakdown of the cement paste sample and create uniform conditions before testing. During the preshearing and flow test, the cement paste temperature was maintained at 21 °C. The down-curve was used to calculate the rheological properties, namely the yield stress, plastic viscosity, and apparent viscosity.
Materials
Supplementary cementitious materials (slag, silica fume, fly ash) and ASTM Type I portland cement were used. The mean particle sizes of slag, silica fume, fly ash, and cement were measured using laser diffraction and are 12.60, 0.16, 16.56, and 13.53 µm, respectively. The HRWRA used is a naphthalene sulfonate-based with a solid mass fraction of 42%. Welan gum was used as a RMA. An AEA was also used in some of the mixtures.
Cement paste composition
Cement pastes investigated in this research can be divided into four major groups (Table 1) . In Group I, the w/b and mineral addition rate were varied and no HRWRA was used. The dosage of HRWRA was varied along with various mineral additions in Group II but the w/b was maintained constant. Groups III and IV involve the use of a RMA and AEA, respectively, at a constant w/b. Cement paste identification can be explained by the following example: 8% SF (HRWRA = 0.5%) means that the paste included 8% silica fume, 92% OPC, and a dosage of HRWRA of 0.5% by mass of binder.
RESULTS AND DISCUSSION Effect of mineral admixtures and w/b (Group I)
Cement pastes made with OPC or OPC with different mineral admixtures showed significantly different rheological properties when these properties were measured using various test geometries. To compare test results obtained using parallel plates with those obtained using coaxial cylinders and vane rotor, a constant sample thickness of 1 mm was used for all test geometries in this section of the experimental program. In Fig. 2(a) , it can be observed that the smooth parallel plate gave the lowest yield stress for all tested cement pastes irrespective of the w/b and mineral addition, except the 8% SF paste for which the coaxial cylinders gave the lowest yield stress, probably due to a higher slippage experienced with this particular setup. Yield stress increased for all cement pastes with the increase in friction of the shearing walls. For Three RMA dosages (0.00, 0.03, and 0.05% by mass of binder) were used for all three cement pastes. ‡ AEA = 60 mL/100 kg of binder.
instance, the serrated plate and vane rotor showed higher yield stress compared with that of the smooth plate and coaxial cylinders, respectively. Generally, at higher w/b (0.5), cement pastes showed the highest yield stress with the vane rotor, while at a lower w/b (0.4), the serrated plate gave the highest yield stress. The variation of the yield stress of the 8% SF cement paste (tested only at w/b of 0.5 because a w/b of 0.4 without a HRWRA could not be used) with variation of test geometries was similar to that of other cement pastes with w/b of 0.40. The impact of variation of the w/b on the yield stress was more significant for the serrated plate and vane rotor compared with that of the smooth plate and coaxial cylinders, likely because of the higher slippage associated with the last two test geometries. Figure 2 (b) illustrates the variation of the viscosity of various cement pastes with different w/b and mineral additions as measured by various test geometries. All cement pastes gave highest viscosity with the smooth plate except the 8% SF cement paste, which showed highest viscosity with coaxial cylinders. The lowest viscosity values were measured by the vane rotor for all pastes irrespective of the w/b and mineral addition used. It seems that higher viscosity values were obtained with test geometries having potentially higher slippage. This is believed to be due to the fact that very low shear stresses were measured at low shear strains using these test geometries due to slippage. The slope of the flow curve, which passes through these points, becomes artificially steeper than that obtained with test geometries having less slippage. Thus, test geometries with potentially higher slippage exhibited low yield stress and high viscosity results, while test geometries with less slippage exhibited high yield stress and low viscosity results.
In Table 2 , the viscosity at a low shear rate µ 5 , viscosity at high shear rate µ 48 , and shear stress at high shear rate τ Figure 3 (a) and (b) illustrate the effect of the HRWRA dosage on the rheology of various cement pastes when measured using various test geometries. Figure 3(a) shows that the smooth parallel plate gave lower yield stress compared with that of the serrated parallel plate for all pastes except the paste with 25% slag at high HRWRA dosage for which the smooth plate showed a somewhat higher yield stress. For the 8% SF (HRWRA 0.50%), 8% SF (HRWRA 0.75%), 25% slag (HRWRA 0.30%), and 25% FA (HRWRA 0.30%), the vane rotor showed higher yield stress values compared with those obtained using coaxial cylinders. In the case of the 25% slag (HRWRA 0.45%) and 25% FA (HRWRA 0.45%), coaxial cylinders showed higher yield stress compared with that of the vane rotor. Highest yield stresses were measured by the serrated plate for 8% SF (HRWRA 0.50%, HRWRA 0.75%), 25% FA (HRWRA 0.30%, HRWRA 0.45%), and 25% slag (HRWRA 0.30%). Lowest yield stress values were measured by the smooth plate for 8% SF (HRWRA 0.50%, HRWRA 0.75%) and 25% FA (HRWRA 0.30%). In the case of 25% slag (HRWRA 0.45%) and 25% FA (HRWRA 0.45%), the vane rotor gave minimum yield stress. For the 25% slag (HRWRA 0.30%), coaxial cylinders gave minimum yield stress but the result was close to that of the vane rotor. The yield stress measured by the smooth plate was comparable with that of the coaxial cylinders for the 25% FA (HRWRA 0.30%) cement paste. The difference between the yield stress obtained by the smooth parallel plate and that of the serrated parallel was significantly reduced due to the addition of a high dosage of HRWRA for all cement pastes. The same trend was observed with both the coaxial cylinders and vane rotor for all cement pastes except for the 25% slag cement paste. It can be observed in Fig. 3(b) that except for the 25% FA (HRWRA 0.45%), all other cement pastes showed highest viscosity with the smooth parallel plate test. The serrated plate test showed highest viscosity only for the 25% FA (HRWRA 0.45%) cement paste. Also, for all cement pastes the vane rotor test showed the lowest viscosity. With the exception of 25% FA (HRWRA 0.45%) cement paste, viscosities provided by the vane rotor and serrated plate were lower than the corresponding viscosity values provided by the coaxial cylinders and smooth plate, respectively.
Effect of HRWRA dosage (Group II)
The serrated plate provided comparable viscosity results to those measured by coaxial cylinders for the 8% SF (HRWRA 0.75%), 25% slag (HRWRA 0.30%, HRWRA 0.45%), and 25% FA (HRWRA 0.30%) cement pastes. The differences between viscosity results obtained using these two test geometries for the cement pastes above were 3, 12, 11, and 12%, respectively. The smooth plate also provided comparable viscosity results with those obtained using coaxial cylinders for the rest of the pastes.
Effect of RMA (Group III)
In Fig. 4(a) , the variation of yield stress measured by different test geometries is presented for a 100% OPC cement paste and 25% slag cement paste. Three dosages (0, 0.03, and 0.05% by mass of binder) of a RMA (welan gum) were used in this investigation. Irrespective of the RMA dosage and mineral addition, the smooth plate gave the lowest yield stress for all cement pastes. For the 100% OPC, a higher yield stress was obtained using the serrated plate compared with the result obtained using coaxial cylinders. When an RMA was used, however, an opposite behavior was observed. In the case of 25% slag cement paste, the serrated plate and coaxial cylinders measured comparable values of yield stress at a RMA dosage of 0.03%. For the same cement paste, however, the serrated plate measured higher yield stress values compared with results of the coaxial cylinders both at zero RMA and high RMA (0.05%) dosage. When the RMA dosage was increased from 0 to 0.03%, the serrated plate showed maximum yield stress sensitivity to this change for the 100% OPC paste compared with that of other test geometries. For the 25% slag cement paste, however, the serrated plate showed minimum yield stress sensitivity to such change among all other geometries. But with the increase of the RMA dosage from 0.03 to 0.05%, the serrated plate and the coaxial cylinders showed minimum sensitivity towards the RMA dosage for the 100% OPC and 25% slag cement pastes, respectively. dosage. Although the serrated plate did not show any noticeable change in plastic viscosity due to the addition of the RMA, the smooth plate showed a significant increase of plastic viscosity with the increase of the RMA dosage both at highand low-RMA dosages for both the 100% OPC and 25% slag cement paste. However, the coaxial cylinders showed significant sensitivity of plastic viscosity towards RMA addition when the RMA dosage was increased from 0 to 0.03%, but when the RMA dosage was increased from 0.03 to 0.05%, coaxial cylinders did not measure a significant increase in plastic viscosity. The difference between the plastic viscosity measured using coaxial cylinders and that measured using smooth parallel plates was significant for the 100% OPC paste, but when 25% of OPC was replaced by slag, this difference was substantially reduced. Table 3 shows the apparent viscosity measured at low and high shear rates for cement pastes incorporating an RMA. At a low shear rate, the smooth plate and the serrated plate gave the lowest and highest apparent viscosity values, respectively. At a high shear rate, the serrated plate gave the highest viscosity data, while the coaxial cylinders gave the lowest viscosity values among all flow geometries. Figure 5 (a) and (b) show the effect of an AEA on the yield stress and viscosity of various cement pastes as measured using various test geometries. Generally, the serrated plate gave the highest yield stress for all cement pastes. The lowest yield stress was provided by either the smooth plate or coaxial cylinders. The difference between yield stress provided by coaxial cylinders and smooth plates was not significant for all cement pastes. The vane rotor consistently provided the second-highest yield stress. Due to the addition of an AEA, the yield stress measured by the smooth parallel plate increased while it decreased when measured by the vane rotor for all cement pastes. For coaxial cylinders, there was no clear trend.
Effect of AEA (Group IV)
Regardless of the cement paste used, the smooth parallel plates and vane rotor showed the highest and lowest viscosity results, respectively (Fig. 5(b) ). For the 100% OPC and 25% slag cement pastes with AEA, the serrated parallel plate and coaxial cylinders provided similar viscosity results. Due to the addition of an AEA, the viscosity measured by both the smooth plate and vane rotor decreased for all cement pastes. For the serrated plate and coaxial cylinders, there was no clear trend. The addition of an AEA significantly reduced the difference between viscosity results of the serrated plate and coaxial cylinders for the 100% OPC and 25% slag pastes. For the 25% fly ash cement paste, no such clear trend was observed. It should be noted in this discussion that the air content of the cement pastes was not measured but rather a constant dosage of AEA was used in all cement pastes. It is well known that supplementary cementitious materials such as fly ash and silica fume decrease the air content achieved by the same dosage of AEA compared with that in an OPC paste. This difference in the entrained air content could have contributed to the difference in observed rheological properties, but no special provisions were made to measure this effect.
Effect of sample thickness (gap between parallel plates)
To investigate the effect of the thickness of the cement paste sample on measured rheological properties, two types of parallel plate geometries were used: smooth parallel plates and serrated parallel plates. Both of these were used with gaps of 1, 0.7, and 0.5 mm (for a limited number of tests) along with four different cement pastes. The manufacturer of the rheometer recommends that the gap be at least 10 times larger than the maximum grain size in the particulate suspension. Using laser diffraction, the maximum particle size of cement and cementitious material is in the 100 to 115 µm range. Although tests were conducted at a gap as low as 0.5 mm, lower gap values could not be used because of the risk of damaging the rheometer bearings. Figure 6(a) illustrates the variation of yield stress versus the gap of parallel plates (smooth and serrated). For the 8% SF paste with both high and low HRWRA admixture dosage, as the gap increased from 0.7 to 1 mm, the yield stress decreased. For the smooth plate with HRWRA dosage of 0.5%, the ratio of yield stress from the 0.7 mm gap and 1 mm gap was 1.21. This ratio was 1.45 for a HRWRA dosage of 0.75%. For the serrated plate, these ratios were 1.36 and 1.03 for HRWRA dosages of 0.50 and 0.75%, respectively, which is opposite to the trend observed with the smooth plate. Thus, for the smooth plate, an increase in the HRWRA dosage increased the 0.7 mm yield stress to the 1 mm yield stress ratio. But for the serrated plate, an increase in the HRWRA dosage decreased the 0.7 mm yield stress to the 1 mm yield stress ratio. It appears, therefore, that the effect of the gap depends on HRWRA dosage and on the friction with the shearing plate. For the 25% slag cement paste, the smooth plate with 0.7 mm gap showed higher yield stress results compared with those from the 1 mm gap when the w/b was 0.5. But a different behavior was observed when the w/b ratio was 0.4, in which case the yield stress obtained by the 0.7 mm gap plate was lower than that obtained by the 1 mm gap plate. The ratio of the yield stress with 0.7 mm gap to the yield stress with 1 mm gap was 1.52 for w/b = 0.5. This ratio was 0.63 for the w/b = 0.4. For the serrated plate, the 0.7 mm yield stress was higher than the 1 mm yield stress for both w/b (0.5 and 0.4). The serrated plate with 0.7 and 1 mm gaps showed comparable values of yield stress. Yield stress with 0.7 mm gap was 1.08 times the yield stress with 1 mm gap for w/b = 0.5. When the w/b was 0.4, the yield stress with the 0.7 mm gap was 1.21 times the yield stress with the 1 mm gap. This illustrates that the effect of the gap on yield stress significantly depends on the w/b. It should be mentioned that both gaps of the serrated plate showed very close values of yield stress when the HRWRA dosage was high (0.75%) or when the w/b was high (0.5). For the smooth plate, however, this behavior was not observed. Figure 6 (b) illustrates the variation of viscosity versus the gap of the parallel plates (smooth and serrated). Regardless of the HRWRA dosage, the 8% SF cement pastes showed higher viscosity with the 0.7 mm gap compared with that of the 1 mm gap when the smooth plate was used. The ratio of the viscosity at 0.7 mm gap to that at 1 mm gap was 1.83 for a HRWRA dosage of 0.5%. This ratio was 1.12 for a HRWRA dosage of 0.75%. The ratio of 0.7 mm gap viscosity to 1 mm gap viscosity decreased with an increase in the HRWRA dosage. For the serrated plate and a HRWRA dosage of 0.75%, the 0.7 and 1 mm gaps gave comparable viscosity results; the viscosity with 0.7 mm gap was 1.04 times the viscosity at a 1 mm gap. For a HRWRA dosage of 0.50%, however, the 1 mm gap gave significantly higher viscosity compared with the 0.7 mm gap. With a HRWRA dosage of 0.75%, the ratio of 0.7 mm gap viscosity to the 1 mm gap viscosity for the smooth plate (1.12) was higher than that for the serrated plate (1.04).
In the case of the 25% slag cement paste at w/b = 0.5, the viscosity given by the smooth plate at 0.7 mm gap was higher than the viscosity provided at 1 mm gap. In this case, the ratio between the 0.7 mm gap viscosity and the 1 mm gap viscosity was 1.58. When the w/b was 0.4, this ratio was 0.84. For the serrated plate with both w/b (0.5 and 0.4), the 0.7 mm gap showed higher viscosity compared with that of the 1 mm gap (ratio of 1.08 and 1.15, respectively).
From the results of the 8% SF cement pastes (with a fixed w/b of 0.3 and a variable HRWRA dosage) and 25% slag cement pastes (with a variable w/b, without a HRWRA), it can be stated that the serrated plate showed comparable values of viscosity at a high HRWRA dosage and a high w/b for both the 0.7 and 1 mm gaps. In the case of the serrated plate, it seems that high HRWRA dosage and high w/b reduced the gap effect. The smooth plate, however, gave comparable values of viscosity only at high HRWRA dosage for both the 0.7 and 1 mm gaps. A high w/b could not reduce the effect of gap on viscosity for the smooth plate.
For the 8% SF (HRWRA 0.75%, w/b = 0.3) and 25% slag (w/b = 0.5) cement pastes, three gaps (0.5, 0.7, and 1.0 mm) were used to investigate the gap effect more precisely. The variations of yield stress and viscosity with the change of the gap are presented in Fig. 7(a) and (b) , respectively. The yield stress decreased with the increase of gap from 0.5 to 1 mm for the 25% slag cement paste (smooth plate) and 8% SF cement paste (serrated plate). For the remaining tests, the 0.7 mm gap showed a maximum yield stress. The viscosity provided by both the serrated and smooth plates decreased with the increase of gap from 0.5 to 1 mm for the 8% SF cement paste. The 25% slag cement paste showed maximum values of viscosity with a gap of 0.7 mm for both the serrated and smooth parallel plates. In Fig. 7(c) , the variation of shear stress at high shear rate (48 s -1 ) with the change of gap is presented for both smooth and serrated parallel plates. The shear stress at high shear rate provided by both the serrated and smooth parallel plates decreased with the increase of gap from 0.5 to 1 mm for the 8% SF cement paste. The 25% slag cement paste showed maximum values of shear stress at a high shear rate with a gap of 0.7 mm. Thus, the variation of yield stress, viscosity, and shear stress at a high shear rate (48 s -1 ) was affected by the friction of the shearing wall and gap of parallel plates simultaneously.
CONCLUSIONS
In all cement pastes investigated in this study except the 100% OPC (w/b = 0.5) and 8% SF (w/b = 0.5) cement pastes, the maximum yield stress was measured by the serrated plate. The 100% OPC (w/b = 0.5) and 8% SF (w/b = 0.5) cement pastes showed highest yield stress with the vane rotor. This is probably due to the high friction capability of these two test geometries. The impact of variation of the w/b on the yield stress was more significant for the serrated plate and vane rotor compared than for the smooth plate and coaxial cylinders, likely because of the higher slippage associated with the last two test geometries. When an AEA was used, the smooth plate and the coaxial cylinders gave comparable values of yield stress. For SF and slag cement pastes, the vane rotor and coaxial cylinders gave comparable yield stress at high HRWRA dosage, indicating that the HRWRA may have offset the effect of slippage. The serrated plate showed the maximum (for 100% OPC paste) and minimum (for 25% slag paste) sensitivity of yield stress towards RMA addition compared with that of other test geometries when the RMA dosage was increased from 0 to 0.03%. But with the increase of RMA dosage from 0.03 to 0.05%, the serrated plate and the coaxial cylinders showed minimum sensitivity of the yield stress towards the RMA dosage for the 100% OPC and 25% slag cement pastes, respectively.
The smooth plate gave highest plastic viscosity values among all test geometries for all cement pastes except for the 8% SF (w/b = 0.5), 25% slag (w/b = 0.5), and 25% FA cement pastes with high HRWRA dosage. The coaxial cylinders gave highest viscosity data for the 8% SF (w/b = 0.5) and 25% slag (w/b = 0.5) cement pastes. The serrated plate measured the highest plastic viscosity only for the 25% FA cement paste with the addition of high HRWRA dosage. The vane rotor exhibited the lowest plastic viscosity for all cement pastes. The serrated plate did not show any noticeable change in plastic viscosity due to the addition of a RMA. The smooth plate, however, showed a significant increase in plastic viscosity with an increase of the RMA dosage both at high and low RMA dosages. The apparent viscosity at low and high shear rates (µ 5 and µ 48 , respectively) was studied for different flow geometries, mineral additions, and w/b. It was found that the variation of the w/b significantly affected the µ 48 and µ 5 values for all flow geometries.
An effort has been made in this study to explain the importance of the cement paste sample thickness in simulating the rheology of cement paste in fresh concrete rheology. From the results obtained, it can be seen that the yield stress and plastic viscosity depend on the gap or the sample thickness, binder composition, w/b, HRWRA dosage, AEA dosage, addition of RMA, and friction capability of the shearing wall along with the flow geometry used in the test. Such results need to be taken into consideration when interpreting the often conflicting data published in the literature on the rheology of cement pastes. The results underscore the need for standardizing rheological tests for cement paste to allow one to critically compare interlaboratory results. 
